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G laucoma is a chronic, progressive ocular neuropathy characterized primarily by loss of peripheral vision with proportional, extensive degeneration and loss of retinal ganglion cells (RGCs) and optic nerve fibers. 1, 2 The vast majority of cases occur either as primary open angle or primary angle closure glaucoma. 1, 3 Open angle glaucoma and chronic glaucoma occurs due to the gradual clogging of the trabecular meshwork, located between the cornea and iris, responsible for drainage of aqueous humor. 4, 5 In angle closure glaucoma, the angle between the cornea and pupil is acutely narrowed, causing an impediment of the drainage system leading to intraocular pressure (IOP) above the normal range (10-21 mm Hg). 5, 6 Glaucoma can occur as a secondary disease due to trauma, steroid therapy, or inflammatory processes. 7 The exact cause and pathophysiology of glaucoma is still poorly understood, although two common events in the pathophysiology of glaucoma are the increase in IOP and vascular dysregulation, which precede the predominant loss of RGCs. 3, 6 Glaucoma is often referred to as ''the silent thief of sight'' due to the asymptomatic progression of the disease until irreversible damage has occurred. 1 Recent clinical studies have shown a strong correlation between glaucoma and the occurrence of pupillary defects, sleep disorder, and clinical depression. 8, 9 The high incidence of these key symptoms in patients with glaucoma proves a possible interference to the integrity of the recently discovered melanopsin-expressing intrinsically photosensitive RGCs (mRGCs) in the human retina with glaucoma. 10, 11 The mRGCs have been shown to comprise 0.2%-0.8% of all RGCs in the human retina. [12] [13] [14] The mRGCs are located in the ganglion cell layer (GCL) and inner nuclear layer (INL) of the retina and function primarily as non-image-forming (NIF) photoreceptors. 11, [15] [16] [17] [18] [19] [20] [21] Several in vivo studies have confirmed the involvement of mRGCs in NIF functions such as circadian entrainment, negative masking, melatonin secretion, and pupillary light reflex. [22] [23] [24] [25] [26] In humans, current methods applied in evaluating the mRGCs system include evaluation of light-induced melatonin suppression (circadian rhythm) and the pupillary light reflex, which evaluates the integrity of the retinohypothalamic tract and retinotectal tract, respectively. 27, 28 Reduced postillumination pupil response (PIPR) and dysfunctional suppression of pineal melatonin secretion after light exposure has been observed in glaucoma patients with sleep disorder symptoms. [29] [30] [31] [32] [33] These observations in humans have been corroborated in vivo in animal glaucoma models showing reduction in mRGCs density and inadequate innervation of deep brain iovs.arvojournals.org j ISSN: 1552-5783 nuclei such as the suprachiasmatic nucleus, suggesting a similar occurrence in glaucoma patients. [34] [35] [36] [37] However, some studies have shown a sparing of mRGCs in animal models of experimental glaucoma, postulating a protective mechanism used by these cells due to glaucoma. 38 The lack of studies investigating the histologic expression of mRGCs in the human retina with glaucoma prompted us to analyze the quantitative changes primarily in mRGCs expression in the retina from patients with glaucoma to possibly elucidate the basis for the impairment of NIF functions.
MATERIALS AND METHODS

Patient Samples
Patient samples, postmortem, were obtained from the Department of Ophthalmology at Rigshospital (Copenhagen, Denmark) in accordance with the Declaration of Helsinki for research involving human tissue. This comprised a glaucoma group consisting of 11 subjects (age, 67 6 12 years; range, 50-88 years) and an age-matched control group consisting of 10 subjects (age, 59 6 13 years; range, 33-76 years; Table) . The control group consisted primarily of patients whose eye had been enucleated due to extraocular (orbital) cancer treatment without retinal damage or disease. Inclusion criteria for the glaucoma patients included a clinical verified diagnosis, as well as morphologic criteria of glaucoma. Glaucoma subjects were excluded if they had any treatment that might cause damage to the retina and thereby vision, such as surgery, trauma, radiation treatment, or other medical treatment. No patients with diseases such as diabetes, neurodegenerative diseases, or other retinal pathologies were included in the study. The patients with glaucoma were clinically categorized as mild or severe based on the American glaucoma society grading system, which describes the guidelines used by clinicians when grading patients with glaucoma. 39 The mild glaucoma cases did not present with significant excavation of the optic nerve head, and the eye was enucleated due to extraocular (orbital) cancer treatment. Severely staged glaucoma patients presented with significant excavation of the optic nerve head, with enucleation being the only option for treatment due to severe ocular pain (Table) .
All tissue samples (enucleated eyes) had been fixed in formalin and embedded in paraffin prior to storage. A series of 30 horizontal sections of 5-lm thickness containing the nasal, temporal retina, and optic nerve head were prepared for each control and patient sample.
Immunohistochemistry of mRGCs and RGCs in the Human Retina
Immunohistochemistry (IHC) was performed on the paraffinembedded human retinal sections after antigen retrieval (code no. S2031; ChemMat DAKO, Glostrup, Denmark) at pH 6.0 as previously described by La Morgia et al. 40 Following antigen retrieval, washing, and treatment with 1% hydrogen peroxide (H 2 O 2 ), the sections were blocked in 5% donkey normal serum and incubated in a mixture of the following two primary antibodies overnight at 48C. Guinea pig anti-human RNA binding protein with multiple splicing (RBPMS) polyclonal antibody, (code no. 1832; PhosphoSolutions, Aurora, CO, USA) was diluted 1:500. This antibody was raised against the N terminus of the RBPMS polypeptide in humans as characterized by Rodriguez et al. 41 The in-housed raised rabbit anti-human melanopsin (C-terminal) polyclonal antibody (code no. 5J68; inhouse produced, polyclonal antibody; characterized by Hannibal et al.) 13 was used in a dilution of 1:20,000. The following day, sections were washed and incubated with the secondary antibodies: Envision goat anti rabbit kit (EnVisionþ System HRP, code no. K4002; ChemMat Dako) diluted 1:2.5 and Alexa 594 Donkey anti Guinea pig (code no. 706-585-148; Jackson ImmunoResearch, West Grove, PA, USA) diluted 1:200 overnight at 48C. On the third day, the sections were washed and incubated for 1 hour with an Alexa 488 tyramide (code no. T20922; Molecular Probes, Paisley, UK) diluted 1:250 for visualization of melanopsin, after which the sections were washed and mounted with coverslips using mounting media (glycerol (code no. G9012; Sigma Aldrich Corp., St Louis, MO, USA) in PBS, diluted 1:1 containing 4 0 ,6-diamidino-2-phenylindole (DAPI) (code no. D1306; Molecular Probes).
Cell Counting and Imaging Analysis of Human Retina
Each retina was analyzed for density of both mRGCs and RGCs. From every five sections in the set of the 30 sections, both cell types were objectively analyzed with regard to the following inclusion criteria: the mRGCs had to display immunostaining of cytoplasmic membrane and a visible round nucleus (central profile counting) and positivity for RBPMS. Retinal ganglion cells were also counted in a similar manner, as only those positive for RBPMS with a prominent nucleus were counted. Localization of mRGCs in either the GCL or displaced to the INL were quantified separately to analyze the distribution of these cells in the retina. All counts derived were verified by a second independent observer to confirm the counting guidelines outlined were followed. Images were obtained using an IMIC confocal microscope system equipped with filter settings for DAPI, Alexa 488, and Alexa 594 (IMIC; FEI, Munich, Germany) to estimate the retinal length and acquire images for each retina. As every fifth section of 5-lm thickness was analyzed (section separation), each section was assumed to represent a 25-lm diameter, and any cells within this diameter were likely to be observed, reducing the possibility of double counting and overestimation. 42 The derived count for each patient was divided by the derived retinal length multiplied by the determined constant thickness of 0.125 mm (125 lm) to calculate the average density of each cell type in the entire retina. Double staining of slides from glaucoma patients and age-matched controls allowed for comparative analysis of both RGCs and mRGCs densities.
Statistics
For statistical analysis, differences in group means were assessed by unpaired, two-tailed Student's t-test, and P < 
RESULTS
Using IHC, all tissues were analyzed for the expression of RGCs and mRGCs in the normal and diseased human retina (Fig. 1) . 43 Similar to the control retina, the mildly staged retinas with glaucoma showed a disparity in density of cells located in the central and periphery of the retina (Figs. 1E, 1F, 2E, 2F) . In contrast, the severely staged retinas with glaucoma showed a reduced expression of RBPMS expressing RGCs and loss of cell bodies, accompanied with overall loss of retinal tissue in the GCL layer (Figs. 1I-J and 2I-J).
A heterogeneous population of RGCs in the GCL of the retina of both control and glaucoma patients was shown to express melanopsin located in the soma and dendrites of the cell (Figs. 1C, 1G , 1K, 2C, 2G, 2K). The mRGCs were not restricted to the GCL as approximately 45% were also observed displaced to the INL of the control human retina, with fibers visible in two layers located in the inner and outer the borders of the IPL (Figs. 1C, 1D, 2C, 2D) . The staining pattern of mRGCs in the mild and severely staged retinas with glaucoma resembled the control retina with the mRGCs located in the INL surrounded by a dense network of cell bodies, rendered visible by DAPI staining (Figs. 1I-L and 2E-H). In the severely staged retinas with glaucoma, however, approximately 75% of all mRGCs counted were located in the INL. The ONL was similar to the INL densely populated by cell bodies rendered visible by DAPI staining, showing no expression of RBPMS or melanopsin (Fig. 1) .
To quantify the density of mRGCs and RGCs in the entire retina, the retinal length was measured per patient. The control and glaucoma group had an average retinal length of 33.93 6 2.29 and 36.14 6 2.06 mm, respectively, which was not significantly different.
The severely staged glaucoma group showed significant disruption of primarily the GCL layer with a 200-fold loss of RGCs compared with the control group (Fig. 3A) . In contrast, the mildly staged glaucoma group showed no significant disruption of the integrity of the GCL or the cells in this layer compared with the control group (Fig. 3A) . The same trend was observed in mRGCs, as only the severely staged retinas with glaucoma showed a significant reduction in mRGCs density of 2.8-fold in comparison to the control group (Fig. 3B ). In the severely staged glaucoma group, the population of mRGCs located in the GCL of the retina showed a significant loss of 6-fold in comparison to the control group (Fig. 3C) , whereas no significant difference was shown in density of mRGCs occurring in the INL between all three groups (Fig.  3D) . Two of the severely staged retinas with glaucoma were completely devoid of both mRGCs and RBPMS cells. These results did not affect the significant decrease in mRGCs expression primarily in the GCL (Fig. 3C) ; therefore, these patients were not excluded from the analysis.
In the glaucoma group, the ratio of mRGCs/RGCs expressed in percent seemed to increase with disease severity. Patients with mild glaucoma had a percentage of 0.29 6 0.07%, which did not differ significantly from the controls, whereas severe cases of glaucoma showed a significant increase of 48-fold. The same trend was observed when only analyzing mRGCs and RGCs in the GCL, as mRGC/RGC percentage in severe cases of glaucoma increased by 21-fold compared with controls.
The increase in mRGCs/RGCs percentage was accounted for by the changes in the distribution of both cell types in the retina. In the control group, the distribution of mRGCs was 54% in the GCL and 46% in the INL, whereas in severe cases of glaucoma, 75% of mRGCs were located in the INL. The major disparity between the severely damaged retinas with glaucoma and the normal retina with regard to mRGCs is in the sparing of mRGCs occurring in the INL and the massive loss of mRGCs in the GCL.
DISCUSSION
In this study we aimed at assessing the expression of mRGCs in patients with varying degrees of glaucoma. The notion whether mRGCs are spared or lost due to glaucoma is one of great speculation as there is a lack of human studies investigating the fate of mRGCs in the retina after damage due to glaucoma. Several animal studies using various experimental glaucoma models based on an increase in IOP have been used to elucidate the effect of glaucoma on mRGCs; however, conflicting reports of both sparing and loss have been shown. 35, 38 The complex pathology of glaucoma in humans is unparallel to that observed in animal models, further complicating the direct adoption of the results obtained from animal studies to the human retina with glaucoma.
Glaucoma is characterized as a progressive disease whereby disease severity is correlated to visual field defects, which is a direct measure of RGC density. 44 The loss of RGCs has been used as an important indicator of glaucomatous damage. RGC density has previously been accounted for based on axonal counts in the optic nerve. 40 Here we assessed each case for RBPMS-expressing RGCs with a visible soma and counted every positive cell in a stereologic manner. As expected, the controls and mild cases of glaucoma had significantly higher RGC densities compared with severe cases, justifying the specificity of RBPMS for viable RGCs in the human retina. The melanopsin expressing RGCs were counted in a similar manner, showing for the first time, significant loss of mRGCs primarily in the GCL, as well as sparing of mRGCs in the INL of severely staged glaucoma patients. The preserved expression of mRGCs located in the INL supports the results derived from studies assessing mRGCs function in humans, which have shown impairment not elimination of both retinohypothalamic tractand retinotectal tract-mediated response in patients with severely staged glaucoma. 30, 31, 45 A recent study conducted by Perez-Rico et al. 31 showed lowered suppression of melatonin in response to light primarily in severe cases of glaucoma in comparison to normal patients, proposing hampered mRGCs function primarily in severe cases. Studies conducted by Feigl et al. 30 and Kankipati et al. 45 showed a hampered PIPR in response to blue light in patients with severely staged glaucoma, but no dysfunction in patients with mild glaucoma.
In accordance with the results of La Morgia et al., 40 our results show mRGCs on average are equally distributed in the control human retina between the GCL and INL. The dendrites of this small subset of cells have been shown to stratify in either the inner or outer IPL, with mRGCs located in the INL stratifying primarily in the outer layer of the IPL. 12, 14 Retrograde tracing studies in primates have shown that there is a consistent projection of inner and outer stratifying mRGCs to the suprachiasmatic nucleus, pretectum, and lateral geniculate nucleus of the brain hence vital for both NIF and IF. It is likely that the remaining mRGCs in the INL of the retinas with glaucoma are responsible for the abnormal mRGCs response of lowered suppression of melatonin in response to light and hampered PIPR. 12, 14, 30, 31, 45 Animal studies investigating the role of mRGCs in the retina have shown that complete ablation of these cells resulted in lack of mRGCs function, and a loss of 80% is required for mRGCs function to be significantly impaired. 24, 46 In diseases such as Leber's hereditary optic neuropathy, where visual acuity is severely impaired, studies have shown the sparing of mRGCs projecting to the pretectum responsible for the pupillary reflex. 47 The use of archived human tissue did not affect the presentation of both RGCs and mRGCs in the retina. Despite the small cohort size, the control group after analysis had an average mRGCs/RGCs percentage of 0.35%, which is in agreement with previous studies using freshly resected whole mount retinas showing a percentage of 0.2%-0.8%. [12] [13] [14] The increase in average mRGCs/RGCs percentage to 14% observed in the severely staged retinas with glaucoma, with a maximum of up to 40%, can be adopted as the actual tendency in the severely staged retinas with glaucoma. This increase was also observed when only cells in the GCL were analyzed. Two glaucoma patients appeared to be devoid of any RGCs and mRGCs in the entire retina due to end-stage disease. Despite the severe loss, the final statistical difference between controls and the glaucoma group was not dependent on these two patients' results. It remains to be known if the loss of RGCs in the retina with glaucoma directly affects the integrity of mRGCs, as the mRGCs located primarily in the GCL are primarily affected. The localization of the spared mRGCs in the INL, which is less densely populated by RGCs, could factor in the sparing of these mRGCs.
The underlying mechanisms aiding the preservation of mRGCs in the retina with glaucoma are yet to be fully outlined due to the complex nature of mRGCs. The sparing of mRGCs in Leber's hereditary optic neuropathy has been attributed to their resistance, unlike classical RGCs, to both mitochondrial dysfunction and cell death. 40, 47 An animal study by Li et al. 38 showed resistance of mRGCs to damage by ocular hypertension despite loss of classical RGCs. Another study by the same group proposed that expression of phospho-Akt in mRGCs promotes cell survival via the phosphatidylinositol-3 kinase/ Akt signaling pathway after optic nerve transection. 48 Studies have also touched on the coexpression of the neuropeptide pituitary adenylate cyclase-activating polypeptide in mRGCs as the basis for the reduced vulnerability of mRGCs to neuronal damage. 13, 49 We have no explanation of the findings that displaced mRGCs seem to be more resistant during progressive glaucoma compared to mRGCs in the GCL. A recent study showed that displaced mRGCs have intraretinal axon collaterals terminating in the IPL. 50 It is possible that this may protect the displaced mRGCs from optic neuropathy seen in patients with glaucoma. Such information and further investigation of the human retina with glaucoma elucidate the mechanisms used by mRGCs aiding their survival and promote the development of strategies to prevent their damage in the human retina.
Human studies on mRGCs in the retina with glaucoma have been limited to functional studies probably due to the limitations in obtaining human retinal tissue. The present finding that mRGCs density decreases with progression of glaucoma to severe stages is in agreement with previous functional studies assessing mRGCs function in glaucoma patients. In conclusion, despite loss of IF functions in the retina with glaucoma, mRGCs are preserved to some degree and are vital for maintaining certain NIF functions.
